Abstract. Cervical cancer is the fourth leading cause of cancer mortality in women worldwide. High-risk human papillomavirus infection is a major cause of cervical cancer. A previous study revealed the role of different oncogenes and tumor suppressors in cervical cancer initiation and progression. However, the complicated genetic network regulating cervical cancer remains largely unknown. The present study reported transcriptome sequencing analysis of three cervical squamous cell cancer tissues and paired normal cervical tissues. Transcriptomic analysis revealed that 2,519 genes were differently expressed between cervical cancer tissues and their corresponding normal tissues. Among these, 236 differentially expressed genes (DEGs) were statistically significant, including many DEGs that were novel in cervical cancer, including gastrulation brain homeobox 2,5-hydroxytryptamine receptor 1D and endothelin 3. These 236 significant DEGs were highly enriched in 28 functional gene ontology categories. The Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis suggested involvement of these DEGs in multiple pathways. The present study provides a transcriptome landscape of cervical cancer in Chinese patients and an improved understanding of the genetic regulatory network in cervical cancer tumorigenesis.
Introduction
There were 485,000 women newly diagnosed with cervical cancer worldwide in 2013, leading to 236,000 mortalities (1). The incidence and mortality of cervical cancer exhibits an uneven distribution across the world; almost 85% of cases are identified in less developed countries. Cervical cancer ranks second among the most diagnosed cancers and is the third leading cause of mortality from cancer in females in less developed countries (2) .
It is well known that infection with human papilloma virus is a major cause of cervical cancer (3) . Although well-established screening programs and intervention systems have significantly reduced the incidence of cervical cancer in developed countries, patients are still diagnosed with advanced cancer. Limited treatment options for patients with advanced stages of cervical cancer results in a high recurrence rate and a poor prognosis (2) . Currently, the combination of cisplatin chemotherapy and radiotherapy is the most common treatment strategy for advanced cervical cancer patients; however, the 5-year survival rate remains poor (<50%). Since the development of pharmacogenomics and personalized medicine, target therapy has dramatically increased the survival rate of cancer patients (4) . Treatment of advanced cervical cancers would drastically benefit from the identification of novel therapeutic targets.
With the development of next generation sequencing technologies, RNA sequencing (RNA-Seq) has become a powerful tool for analyzing cancer transcriptomes, detecting such items as alternative splicing, isoform usage, gene fusions and novel transcripts with greater accuracy and higher efficiency (5, 6) . Initially, RNA-Seq was applied in the expression profile of yeast (7) and human embryonic kidney and B cell lines (8) . RNA-Seq has wide application in transcriptome profile analysis in multiple cancers including breast (9) and colon cancers (10) . However, the genomic landscape of cervical squamous cell cancer has yet to be elucidated.
To provide an improved understanding of the transcriptome of cervical squamous cell cancer, RNA-Seq of three cervical squamous cell cancer and matched normal tissues was performed. Differentially expressed genes (DEGs) were identified by statistical analysis, and a subset of novel DEGs were validated by reverse transcription-quantitative polymerase chain reaction (RT-qPCR). In addition, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was performed.
Transcriptome profiling of cancer and normal tissues from cervical squamous cancer patients by deep sequencing Materials and methods
Patient samples. For human tissue samples, 27 cervical squamous tumor samples (stage Ib-stage IIb) and matched adjacent normal tissues were obtained from female patients undergoing curative surgery at Fujian Cancer Hospital from April, 2013 to February, 2014 (Fuzhou, China). The median age of the patients was 49 years, (range, 31-59 years). The number of patients in each staging was as follows: Stage Ib (10), stage IIa (12) , stage IIb (5) . None of the patients received preoperative adjuvant radiotherapy or chemotherapy. All the samples and matched clinical information were collected following written informed consent from the patients.
RNA isolation and RT-qPCR. Total RNA from human cervical squamous cancer tissues and corresponding normal tissues was prepared using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's protocol. The RNA quality was determined using an Agilent 2100 Bioanalyzer (Agilent Technologies Inc., Santa Clara, CA, USA). Only RNA extracts with the following criteria were used for RNA-Seq analysis: RNA integrity number, ≥7; 28S/18S ratio, >1.8; OD range, 1.9-2.1. For reverse transcription, cDNA was synthesized using the ReverTra Ace qPCR RT kit (Toyobo Co., Ltd., Osaka, Japan) with 1 µg of total RNA. qPCR was performed using the SYBR Select Master Mix for CFX (Invitrogen; Thermo Fisher Scientific, Inc.). The reaction consisted of 1 cycle at 95˚C for 15 min, followed by 40 cycles of 95˚C for 15 sec, 55˚C for 30 sec and 70˚C for 30 sec. Primer sequences are presented in Table I . Relative quantification was achieved by normalization to the amount of GAPDH using the 2 -ΔΔCq method (11) . All measurements were repeated 3 times.
Transcriptome deep sequencing. Total RNA extracted from human samples was treated with DNase I. Upon treatment, mRNA was isolated using Oligo d(T)25 Magnetic Beads (New England Biolabs, Inc., Ipswich, MA, USA). RNA preparation was performed as previously described (12) . The mRNA was digested into short fragments and cDNA was synthesized using the mRNA fragments as templates. Short fragments were purified and resolved with elution buffer for end reparation and single nucleotide A (adenine) addition. Then the short fragments were connected with adapters and, following agarose gel electrophoresis, the suitable fragments were selected for the PCR amplification as templates. During the quality control steps, an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., and an ABI StepOnePlus Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.) were used in quantification and qualification of the sample library. The library was sequenced using an Illumina HiSeq™ 2000 (Illumina, Inc., San Diego, CA, USA).
Screening of DEGs.
The method for screening of DEGs was developed by Beijing Genomics Institute (BGI, Shenzhen, China) based on a pervious study (13) .
The present study defined the number of unambiguous clean tags (which means reads in RNA-Seq) from gene A as x and, given that every gene's expression occupies only a small part of the library, x yields to the Poisson distribution.
The total clean tag number of the sample 1 is N1 and the total clean tag number of sample 2 is N2; gene A holds x tags in sample 1 and y tags in sample 2. The probability of gene A expressed equally between the two samples can be calculated with:
A P-value corresponds to the differential gene expression test. Since DEG analysis generates large multiplicity problems in which thousands of hypotheses (as in whether gene x is differentially expressed between the two groups) are tested simultaneously, a correction for false positive (type I errors) and false negative (type II) errors was performed using the false discovery rate (FDR) method (14) . This method assumed that R differentially expressed genes have been selected in which S genes really demonstrate differential expression and the other V genes are false positives. If it is decided that the error ratio 'Q=V/R' must stay below a cutoff (e.g. 5%), then the FDR should be preset to a number no larger than 0.05. FDR ≤0.001 (14) was used and the absolute value of Log 2 Ratio≥1 as the threshold to judge the significance of a gene expression difference.
GO analysis of DEGs. All DEGs were mapped to GO terms in the database (http://www.geneontology.org/), calculating gene numbers for every term. Then a hypergeometric was used for the test to find significantly enriched GO terms in the input list of DEGs, based on ʻGO:TermFinderʼ (http://search.cpan. org/dist/GO-TermFinder). Then a strict method was developed to perform this analysis:
Where N is the number of all genes with GO annotation; n is the number of DEGs in N; M is the number of all genes that are annotated to certain GO terms; and, m is the number of DEGs in M. The calculated P-value was adjusted through a Bonferroni Correction (15) , and a corrected P-value ≤0.05 was used as a threshold. GO terms fulfilling this condition were defined as significantly enriched GO terms in DEGs.
Pathway enrichment analysis of DEGs. The formula was the same as that in GO analysis. Here N is the number of all genes with KEGG annotation, n is the number of DEGs in N, M is the number of all genes annotated to specific pathways and m is the number of DEGs in M.
Statistical analysis.
Results from qPCR were analysed using SPSS version 19.0 (SPSS Corp., Armonk, NY, USA). Student's t-test was used to compare the differences in expression between cancer and normal tissues. Cluster analysis was performed using Cluster 3.0 (http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm); the R version 3.4.0 (R Foundation) with heatmap package (https://stat.ethz.ch/R-manual/ R-devel/library/stats/html/heatmap.html) was applied to the Pearson and Spearman clustering analysis. P<0.05 was considered to indicate a statistically significant result.
Results

Basic analysis of sequencing data.
A basic analysis of sequencing data was performed, whereby the data was compared with the human genome using TopHat version 2.0. Analysis of DEGs. Next, the DEGs between cancer and normal tissue samples were screened. The gene expression level was normalized and measured by reads per kb of exon per million fragments mapped as described above. In total, 7,936 DEGs were detected in cancer/normal sample 1, 9,077 DEGs in cancer/normal sample 2, and 5,878 DEGs in cancer/normal sample 3 (Fig. 1A) . Then, the overlapping DEGs in three pairs of samples were calculated and resulted in 2,519 overlapping DEGs in which 1,450 genes were consistently upregulated in the three cancer samples and 554 genes were consistently downregulated in the three cancer samples (Fig. 1B) . However, the rest of the 515 DEGs were not consistently expressed in all three pairs of samples (Fig. 1B) .
Cluster analysis revealed that 2,519 DEGs were identical in the three pairs of samples (Fig. 1C) . To screen for the statistically significant DEGs, DEGs with fold changes ≥3 were filtered out. With this threshold set, a total of 236 significant DEGs were detected in the three sample pairs, among which 84 DEGs were consistently upregulated and 152 DEGs were consistently downregulated (Table II) .
Validation of significant DEGs. To validate the transcriptome analysis data, RT-qPCR was performed on cancer and normal tissue samples to examine the mRNA expression levels for several DEGs identified in the present study. First, established oncogenes and tumor suppressor genes in other types of cancers were examined; gastrulation brain homeobox 2 (GBX2), mucin 16 (MUC16), C-C motif chemokine ligand 1 (CCL1), 5-hydroxytryptamine receptor 1D (HTR1D) and oligodendrocyte transcription factor 2 (OLIG2) are putative oncogene candidates, while PRAC1 small nuclear protein (PRAC), endothelin 3 (EDN3), sclerostin domain containing 1 (SOSTDC1), kallikrein related peptidase (KLK) 12, KLK5, KLK6 and KLK13 are putative tumor suppressors. The mRNA expression levels for these genes were validated in the 27 pairs of cervical squamous cancer samples and matched normal tissue samples. As demonstrated in Fig. 2 , expression of GBX2, MUC16, CCL1 and HTR1D was significantly upregulated in cancer samples compared with normal tissues, while expression of PRAC, EDN3, SOSTDC1, KLK12, KLK5, KLK6 and KLK13 was significantly downregulated in cancer samples compared with normal tissues. However, no significance change in expression of OLIG2 was observed in the 27 pairs of samples analysed. OLIG2 is a basic helix-loop-helix transcription factor expressed in the developing central nervous system (CNS) and the postnatal brain (16) . OLIG2 is highly expressed in glioblastoma cells, and in glioblastoma initiating cells in particular (16) , while expression of OLIG2 is barely detected in other types of cancer. Tissue-specific expression of OLIG2 Table I . Primers used for reverse transcription quantitative polymerase chain reaction.
Genes
Forward primer Reverse primer
PRAC; PRAC1 small nuclear protein; EDN3, endothelin 3; SOSTDC1, sclerostin domain containing 1; KLK, kallikrein related peptidase; OLIG2, oligodendrocyte transcription factor 2; GBX2, gastrulation brain homeobox 2; MUC16, mucin 16; CCL1, C-C motif chemokine ligand 1; HTR1D, 5-hydroxytryptamine receptor 1D.
in the CNS may explain why no significant change in OLIG2 expression was observed in cervical cancer samples.
Functional enrichment analysis of DEGs. Next, GO analysis of DEGs was performed to obtain a more comprehensive understanding of gene-related biological functions. All DEGs were divided into three major categories based on GO annotations: Biological processes, cellular components and molecular functions. The present study identified that the 236 DEGS were classified into 28 functional categories (Table III) ; 13 in biological processes, 9 in molecular functions and 6 in cellular components including reproduction, cellular processes and metabolic processes (P<0.05; Fig. 3 ).
Pathway analysis of DEGs. To understand the functional pathways of significant DEGs, pathway analysis was performed. The 236 significant DEGs (188 with pathway annotation) were involved in numerous key pathways in cancer, including cytokine-cytokine receptor interactions, metabolism of xenobiotics by cytochrome P450 and retinol metabolism (Table IV) . A total of 10 significant pathways was detected. The cytokine-cytokine receptor pathway includes numerous chemokines which can link inflammation to cancer. Cytochrome P450 members, which have been linked to carcinogenesis, were also detected. The DEGs involved in these pathways may serve important roles in cervical cancer.
Discussion
Tumor initiation and progression is a multiple pathway, complicated process, comprising of various dynamic changes in the genome. These genetic alternations contribute to the malignant transformation of cells from normal to cancerous, in addition to tumor progression and metastasis. Malignant cells can acquire favorable genotypes through various biological processes; genetic mutations, epigenetic modifications and non-mutational regulation of gene expression (17) . Therefore, genome instability and genetic mutation can be regarded as a First, a basic analysis of the sequencing data was performed to detect levels of DEGs. Then, advanced analysis was conducted to give insights into the biological functions and pathways that involved the DEGs. Thus, the present study may aid in discovering novel diagnostic and therapeutic targets for cervical cancer. The present RNA-Seq analysis acquired ~290 million reads, a number which is adequate for transcriptome sequencing. Furthermore, the genome map rate of sequencing reads was ~85%, indicating that the sequencing process met the criteria of the initial quality control for RNA-Seq techniques (18) . These data suggested that the quality of the experimental method and data processing were sufficient.
The significant DEGs were further analysed to confirm whether the sequencing results were consistent with previous research. Matrix metalloproteinase (MMP)3 has been reported to be upregulated in cervical cancer by microarray analysis and by immunohistochemistry (19, 20) . MMP3 has also been reported to exhibit higher expression and enzyme activity in breast cancer cells that metastatic to the brain and during epithelial-to-mesenchymal transition (EMT) (21) . The data from the present study revealed that MMP3 (Table II) was one of the overexpressed DEGs identified in three different cervical cancer samples compared with normal tissues, which is supported by previous studies (19, 20) . SIX homeobox 1 (SIX1) protein is a transcription factor regulating cell proliferation, Table III . Detailed list of significant DEGs by functional categories from GO analysis.
Functional category Significant DEGs
Binding (GO:0005488)  EDN3, CXCL5, GBX2, LRRTM4, TMPRSS11D, WFDC5, NR0B1, VWA3B, CELSR3,  INHBA, ONECUT2, OLIG2, PROK1, TMPRSS11B, KLK10, KLK7, PTGDS, F10,  IL1β, CCL1, ISL1, SPINK5, GDF6, FOXD3, CRNN, KLK11, TMPRSS11A, KLK9,  TMPRSS11F, TMPRSS11E, HOXB13, CCL14, S100A12, IGF2BP2, IL24, CCL18,  KLK12, KLK5, BNIPL, TMPRSS2, TNNI3, ESM1, FOXD1, CAMP, SPINK7, PRSS27,  WISP2, PGLYRP3, CNGB1, EN2, UPK1A, KLK8, DSG1, PPP1R3C, DAPL1,  PGLYRP4, CD1E, TRIO, SIM2, GAS2L3, SALL4  Catalytic activity (GO:0003824)  TMPRSS11D, WFDC5, VWA3B, OLIG2, TMPRSS11B, KLK10, KLK7, PTGDS, F10 Biological regulation (GO:0065007) EDN3, CXCL5, GBX2, LRRTM4, MPRSS11D, WFDC5, NR0B1, VWA3B  INHBA, ONECUT2, OLIG2, TMPRSS11B, KLK10, KLK7, F10, IL1B, ISL1, GDF6,  FOXD3, KLK11, TMPRSS11A, KLK9, TMPRSS11F, TMPRSS11E, HOXB13, IL24,  KLK12, KLK5, TMPRSS2, FOXD1, CAMP SPINK7, PRSS27, WISP2, CNGB1, EN2,  KLK8, PPP1R3C, DAPL1 , TRIO, SIM2, SALL4 Cellular component organization CELSR3 or biogenesis (GO:0071840) Cellular process (GO:0009987)  EDN3, CXCL5, LRRTM4, CELSR3, INHBA, ONECUT2, PTGDS, IL1B CCL1, GDF6,  FOXD3, CRNN, CCL14, S100A12, IGF2BP2, IL24, CCL18, BNIPL, FOXD1, WISP2,  CNGB1, UPK1A, DSG1, DAPL1, TRIO, GAS2L3   Developmental process  GBX2, LRRTM4, TMPRSS11D, NR0B1, CELSR3, INHBA, ONECUT2, OLIG2,  (GO:0032502)  PROK1, TMPRSS11B, ISL1, GDF6, KLK11, TMPRSS11A, KLK9, TMPRSS11F,  TMPRSS11E, HOXB13, IGF2BP2, BNIPL, TMPRSS2, TNNI3, WISP2, PGL, YRP3,  EN2, DAPL1, PGLYRP4, SIM2, GAS2L3   Immune system process  CXCL5, TMPRSS11D, TMPRSS11B, KLK10, KLK7, PTGDS, F10, KLK11,  (GO:0002376)  TMPRSS11A, KLK9, TMPRSS11F, TMPRSS11E, IGF2BP2, KLK12, KLK5,  TMPRSS2, PRSS27, CNGB1, KLK8   Localization (GO:0051179)  CXCL5, TMPRSS11D, TMPRSS11B, KLK10, KLK7, PTGDS, F10, KLK11,  TMPRSS11A, KLK9, TMPRSS11F, TMPRSS11E, IGF2BP2, KLK12, KLK5,  TMPRSS2, PRSS27, CNGB1, KLK8 Locomotion (GO:0040011) CXCL5 metabolic process (GO:0008152)  GBX2, TMPRSS11D, WFDC5, NR0B1, VWA3B INHBA, ONECUT2, OLIG2,  TMPRSS11B, KLK10, KLK7, PTGDS, F10, ISL1, GDF6, FOXD3 CRNN, KLK11,  TMPRSS11A, KLK9, TMPRSS11F, TMPRSS11E, HOXB13, S100A12, IGF2BP2,  KLK12, KLK5, TMPRSS2, FOXD1, CAMP, SPINK7 PRSS27, PGLYRP3, EN2, KLK8,  PPP1R3C, DAPL1 PGLYRP4 , TRIO, SIM2. SALL4 apoptosis and organogenesis (22) and has been reported to serve an important role in various human diseases, including cancer. SIX1 is reported to be overexpressed in breast cancer and to promote EMT and metastasis through transforming growth factor (TGF)-β signaling (23) . SIX1 also acts as a master regulator of the cervical cancer initiation progression; overexpression of SIX1 promotes DNA replication and anchorage-independent growth of cervical cancer cells (24) . Furthermore, high expression of SIX1 in cervical cancers enhances vascular endothelial growth factor C expression by inhibiting TGF-β signaling, thus promoting lymphangiogenesis and lymph node metastasis (25) . The RNA-Seq data demonstrated that SIX1 was significantly overexpressed in cervical cancer samples with an average log 2 change 6.478514 [P<0.05; the reads per kilobase per million mapped reads data of the tumor and normal samples were compared using the empirical Bayes hierarchical model (26) ]. Taken together, gene expression patterns in the present study were highly consistent with previous studies indicating that the RNA-Seq data was valid.
In the present study, numerous novel DEGs were also identified in cervical cancer. GBX2 is a homeobox gene that is overexpressed in prostate cancer (27) . Overexpression of GBX2 stimulates expression of interleukin (IL)-6 at the transcription level, through binding to an ATTA motif within the promoter of the IL-6 gene, to promote malignant growth of prostate cancer cells (28) . However, the function of GBX2 in other types of cancers has yet to be studied. The results of the present study revealed that GBX2 was significantly upregulated in cervical cancer samples compared with normal tissues. Further studies are required to illuminate the role of GBX2 in cervical cancer. HTR1D belongs to the serotonin receptor family. Knockdown of HTR1D expression in pancreatic cancer cells by small interfering RNAs inhibits cell proliferation and invasion (29) . In addition, inhibition of HTR1D suppresses the activity of urokinase plasminogen activator receptor/MMP-2 signaling and integrin/Src/protein tyrosine kinase 2-mediated signaling, in addition to EMT master regulators zinc finger E-box-binding homeobox 1 and Snail family transcriptional repressor 1 (29) . EDN signaling serves an important role in cell differentiation, proliferation and migration. EDN signaling is also involved in carcinogenesis, through regulating cell survival and invasiveness (30) . Epigenetic activation of EDN-3 through hypermethylation of the EDN3 promoter has been reported in human colon and breast cancer, indicating that EDN3 is a tumor suppressor (31, 32) . SOSTDC1 has been reported to be downregulated in thyroid cancer cells, breast cancer and in adult and pediatric renal tumors (33) (34) (35) . SOSTDC1 is a critical regulator of extracellular matrix, through modulating Wnt family member 3A, bone morphogenetic protein (BMP)-2 and BMP-7 signaling in breast cancer cells (34) . Serine proteases of the kallikrein family are implicated in various human diseases, including cancer. The expression of KLK family members varies in different types of cancer. Higher expression of KLK13 in breast cancer is associated with improved prognosis, indicating that KLK13 may be a tumor suppressor in breast (36) . KLK6 is highly expressed in human non-small cell lung cancer and promotes cell growth and proliferation (37) . KLK5 and KLK12 are downregulated in human breast cancer and higher KLK5 and KLK12 expression are associated with improved prognosis (38, 39) . The data from the present study revealed that GBX2 and HTR1D were overexpressed in cervical cancer tissues, while EDN3, SOSTDC1, KLK5, KLK6, KLK12 and KLK13 were downregulated in cervical cancer tissues, compared with normal tissues. Further functional studies will need to be performed to elucidate the role of these novel DEGs in cervical cancer.
In conclusion, the present study provided a comprehensive transcriptome landscape of cervical cancer and identified novel DEGs in cervical cancer tissues compared with matched normal tissues. These novel genes may be useful for improved understanding of the molecular mechanisms of cervical cancer pathogenesis and potential identification of novel biomarkers and therapeutic targets in the future.
